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ABSTRACT
Recent hydrodynamical models of supernova remnants (SNRs) demonstrate that their evolution de-
pends heavily on the inhomogeneities of the surrounding medium. As SNRs expand, their morphologies
are influenced by the non-uniform and turbulent structure of their environments, as reflected in their
radio continuum emission. In this paper, we measure the asymmetries of 22 SNRs in 1.4-GHz images
of the Galactic plane from the Karl G. Jansky Very Large Array and compare these results to the
SNRs’ radii, which we use as a proxy for their age. We find that larger (older) SNRs are more ellip-
tical/elongated and more mirror asymmetric than smaller (younger) SNRs, though the latter vary in
their degrees of asymmetry. This result suggests that SNR shells become more asymmetric as they
sweep up the interstellar medium (ISM), as predicted in hydrodynamical models of SNRs expanding
in a multi-phase or turbulent ISM.
Keywords: radio continuum: ISM — ISM: supernova remnants — supernovae: general
1. INTRODUCTION
Synchrotron radiation is produced by electrons that
are accelerated at the shocks of supernova remnants
(SNRs) and interact with the local magnetic field (see
e.g., Berezhko & Vo¨lk 2004). This emission dominates at
radio wavelengths, particularly at lower frequencies (e.g.
1.4 GHz) where thermal bremsstrahlung contributes less
to the spectrum. Radio continuum surveys at 1.4 GHz
are the primary means by which new SNRs are identi-
fied (see e.g., Chomiuk & Wilcots 2009 and references
therein). At present, 295 objects have been classified as
SNRs in the Milky Way (Green 2017), and 95% of these
are radio sources (Dubner & Giacani 2015).
Historically, SNRs have been classified based on their
non-thermal radio shells (e.g. Milne & Hill 1969). Af-
ter many SNRs were resolved at radio wavelengths,
astronomers began to categorize them based on their
morphologies (e.g., Green 1984). The categories most
commonly used are shell-type, composite, and mixed-
morphology. Shell-type SNRs are those with limb-
brightened radio shell emission (e.g., SN 1006: Winkler
et al. 2014, G1.9+0.3: De Horta et al. 2014) and 79%
Corresponding author: Jennifer N. Stafford
stafford.205@osu.edu
of Galactic SNRs fall into this group (Dubner & Gia-
cani 2015). Composite SNRs are ones that have both
the shell and the center-filled emission from a pulsar
wind nebula) (e.g., MSH 15-56: Dickel et al. 2000, Vela
SNR: Dodson et al. 2003). Additionally, X-ray imaging
led to another class of SNRs called mixed-morphology
or thermal-composite (Rho & Petre 1998; Lazendic &
Slane 2006; Shelton et al. 2004) that have radio shells
with center-filled X-rays (e.g., W44, IC443: Kawasaki
et al. 2005).
The radio morphologies of barrel-shaped or bilateral
SNRs, a subgroup of shell-type SNRs, has been con-
sidered previously. In particular, Gaensler (1998) an-
alyzed a sample of bilateral SNRs at radio frequencies
and showed that their axes tended to be aligned with the
Galactic plane. More recently, West et al. (2016) inves-
tigated all Milky Way bilateral SNRs, and they found
that a simple model of SNRs expanding into an ambi-
ent Galactic magnetic field could reproduce the observed
radio morphologies.
To quantify the complex and varied morphologies of
SNRs, Lopez et al. 2009b developed and applied sev-
eral mathematical tools. Using the power-ratio method
(PRM), Lopez et al. (2009a, 2011) showed that the ther-
mal X-ray emission of Type Ia SNRs is more symmetric
and circular than that of core-collapse SNRs. Subse-
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2Table 1. List of SNRs in our Sample
No. Sourcea Alternate Names Distanceb Evidence of P1/P0 P2/P0 P3/P0 References
d
(kpc) Explosion Typec (×10−5) (×10−7) (×10−7)
1 G15.9+0.2 8.5* N 84.9+9.0−7.2 8.50
+6.70
−6.37 4.90
+2.46
−2.83 1
2 G16.7+0.1† 10 N 3.01±1.3 18.7+7.3−8.3 2.79+1.84−1.82 2
3 G18.1−0.1† 6.4±0.2 E 95.9+1.5−1.4 326±9 5.25+0.51−0.64 3
4 G18.8+0.3† Kes 67 13.8±4 E 240+1−2 1119+12−13 149±2 3,4
5 G20.0−0.2 11.2±0.3 E, N 27.3±0.7 43.9+3.3−2.8 2.71+0.57−0.47 3
6 G20.4+0.1 7.8 E, N 74.9±2.9 259+19−18 33.4+2.4−2.6 5
7 G21.5−0.1 8.5* – 13.1+2.2−2.7 16.2+12.5−11.7 2.74+1.62−1.94 –
8 G21.8−0.6† Kes 69 5.2+0.0−0.3 E 370±1 760±5 100±1 6, 7
9 G22.7−0.2 4.4±0.4 E 36.4+0.3−0.2 162±2 6.03+0.17−0.20 8
10 G23.3−0.3† W41 4.4±4 E 96.5+0.4−0.3 951+5−4 94.5±7 9, 10
11 G27.4+0.0† Kes 73 5.8±0.3 N, A 16.2±0.4 85.2+4−3 3.64+0.38−0.32 3, 11
12 G28.6−0.1 9.6±0.3 E 3.82+0.21−0.23 819±12 189±3 5
13 G29.6+0.1† 10±5.0 N 5.95+1.13−1.12 81.3+12.4−15.9 17.2+3.0−3.4 12
14 G31.9+0.0† 3C 391 7.1±0.4 E, A 63.9±0.3 240+3−2 6.54+0.17−0.18 13, 14
15 G32.4+0.1† 17 E 48.5+4.9−5.4 170
+28
−34 92.5
+14.6
−14.2 14, 15
16 G32.8−0.1† Kes 78 4.8 E, N 87.9+1.3−1.6 4005+53−50 94.1+3.0−2.5 16, 17
17 G33.2−0.6† 8.5* – 180+3−4 106±8 0.34+0.25−0.24 –
18 G33.6+0.1† Kes 79 3.5±0.3 N, A 96.8+0.8−0.9 3.70+0.60−0.50 24.2±0.6 3,18,19
19 G34.7−0.4† W44 3±0.3 E, N, A 5.28+0.04−0.03 575±2 27.0±0.2 3,20,21
20 G35.6−0.4 3.6±0.4 E 5.21+0.23−0.20 538±9 5.28+0.47−0.53 22
21 G36.6−0.7 8.5* – 190±3 825±22 34.8+2.9−2.8 –
22 G49.2−0.7† W51C 5.4±0.6 E, A 8.56+0.08−0.09 726+2−3 50.7±0.3 23, 24
a † Denotes SNRs with evidence of interaction with a molecular cloud: G16.7+0.1: Green et al. 1997 (G97); Reynoso & Mangum
2000; Hewitt et al. 2008 (H08); Kilpatrick et al. 2016 (K16); G18.1−0.1: Froebrich et al. 2015 (F15); G18.8+0.3: Dubner et al.
2004; Tian et al. 2007; G21.8−0.6: G97; H08; Zhou et al. 2009; Hewitt et al. 2009; F15; G23.3−0.3: Frail et al. 2013 G27.4+0.0:
F15, K16; G29.6+0.1: K16; G31.9+0.0: Frail et al. 1996; Reach & Rho 1999; Reach et al. 2002, H08, F15, K16; G32.4+0.1:
K16; G32.8−0.1: Koralesky et al. 1998; Zhou & Chen 2011; F15; G33.2−0.6: F15, K16; G33.6+0.1: K16, Zhou et al. 2016;
G34.7−0.4: Claussen et al. 1997; Seta et al. 1998; Reach et al. 2005; H08; G49.2−0.7: G97; Koo & Moon 1997; H08.
b * Denotes a SNR with an assumed distance of 8.5 kpc (the International Astronomical Union recommended distance to the
Galactic center) because the source does not have good constraints on its distance.
cEvidence of Explosion Type: N = Neutron star detection; E = Environment suggestive of core-collapse SNe (e.g., molecular
cloud interaction, nearby Hii regions); A = metal abundances from X-ray observations are consistent with core collapse SNe.
dReferences: (1) Reynolds et al. 2006; (2) Helfand et al. 2003; (3) Ranasinghe & Leahy 2018b; (4) Tian et al. 2007; (5) Ranasinghe
& Leahy 2018a; (6) Zhou et al. 2009; (7) Leahy & Tian 2008; (8) Su et al. 2014; (9) Su et al. 2015; (10) Frail et al. 2013; (11)
Vasisht & Gotthelf 1997; (12) Vasisht et al. 2000; (13) Ranasinghe & Leahy 2017; (14) Kilpatrick et al. 2016; (15) Yamaguchi
et al. 2004; (16) Zhou & Chen 2011; (17) Bamba et al. 2016; (18) Sato et al. 2016; (19) Auchettl et al. 2014; (20) Uchida et al.
2012; (21) Radhakrishnan et al. 1972; (22) Zhu et al. 2013; (23) Tian & Leahy 2013; (24) Sasaki et al. 2014
quently, Peters et al. (2013) extended this approach to
infrared images of SNRs and found similar results as in
the X-ray. Recently, Holland-Ashford et al. (2017) used
the PRM to compare the SNR soft X-ray morphologies
to neutron star velocities and showed that the neutron
stars are moving opposite to the bulk of the SN ejecta in
many sources. For a detailed summary of these results
and those of other groups, see Lopez & Fesen (2018).
In this paper, we investigate the radio morphologies
of SNRs in the Milky Way to examine how asymme-
tries evolve with size and age. SNRs are observable for
∼ 104 − 105 years at radio wavelengths (Sarbadhicary
et al. 2017), and their morphologies are shaped by in-
teractions with the surrounding medium (e.g., Zhang &
Chevalier 2018) and by the magnetic field (e.g., Orlando
et al. 2007; West et al. 2017).
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Figure 1. Radio continuum (1.4 GHz) images of our sample taken from the HI, OH, Recombination Line (THOR) Survey
with the Very Large Array radio observatory in New Mexico (Beuther et al. 2016). The SNRs range in radius of 1.5–20′ (Green
2017). The extents of the sources are marked with white circles, and the white scale bar represents 2′. The numbers correspond
to those in Column 1 of Table 1.
This paper is structured as follows. In Section 2,
we describe the radio data and introduce our sample
of Galactic SNRs. Section 3 outlines the power-ratio
method which we employ to measure the asymmetries
of the sources. Finally, Section 4 presents our results and
discusses the implications regarding SNR evolution.
2. DATA
We select our sample from the SNRs fully imaged by
the HI, OH, Recombination Line (THOR) Survey with
the Karl G. Jansky Very Large Array1. The THOR
Survey observed the radio continuum in 6 bands (from
1–2 GHz), the Hi 21-cm line, four OH lines, and ra-
dio recombination lines over the first Galactic Quad-
rant (Galactic longitudes from 14.5 to 67.25 degrees
and latitudes between ±1.25 degrees.) (Beuther et al.
2016)2. We opted to analyze the 1.4 GHz radio data,
since 95% of SNRs are detected/identified at this fre-
1 http://www.mpia.de/thor
2 Only the first half of the survey data is publicly available
currently, which covers longitudes from 14.5 to 37.9 degrees and
47.1 to 51.2 degrees.
quency (Chomiuk & Wilcots 2009; Dubner & Giacani
2015). The spatial resolution of the THOR data is 20′′.
In the area of the THOR survey, 34 SNRs have been
identified (Green 2017), and all were fully imaged. How-
ever, we excluded 12 SNRs due to substantial artifacts
in the data (e.g., G15.4+0.1, G31.5−0.6) or because
their radio emission is dominated by a pulsar wind neb-
ula rather than the synchrotron from their shells (e.g.,
G21.5−0.9, Kes 75). Our final sample is listed in Ta-
ble 1, and the THOR images of the SNRs are presented
in Figure 1. The SNRs in the sample have a range of
radii from 1.5–20′ (Green 2017).
19 out of the 22 SNRs are likely from core-collapse ex-
plosions, based on the presence of neutron stars, metal
abundances, and/or their dense, star-forming environ-
ments (see Table 1). The other three have insuffi-
cient data to characterize explosion type (G21.5−0.1,
G33.2−0.6, and G36.6−0.7), but given their location
within the Galactic plane, they may also be from core-
collapse supernovae (SNe). Thus, none of the 22 SNRs
likely arose from Type Ia supernova explosions, a re-
sult that is not surprising since many Type Ia SNRs are
found at high galactic latitudes (e.g., Kepler, SN 1006).
4We note that three of our SNRs (Kes 69, G28.6−0.1,
and G36.6−0.7) were in the bilateral sample analyzed
by West et al. (2016).
We also analyzed a larger sample of 60 SNRs, us-
ing 1.4 GHz data from the Multi-Array Galactic Plane
Imaging Survey (MAGPIS) (Helfand et al. 2006). How-
ever, we found that the noise in these data led to large
uncertainties in the derived power ratios. Thus, we only
consider the THOR 1.4 GHz data in this paper.
3. METHODS
We measure the symmetry of our sample using a
multipole expansion technique called the power-ratio
method (PRM). This technique was developed to quan-
tify the morphologies of galaxy clusters (Buote & Tsai
1995, 1996; Jeltema et al. 2005). Subsequently, it was
extended to measure the asymmetries of SNRs in X-ray
and infrared images (Lopez et al. 2009a, 2011; Peters
et al. 2013; Holland-Ashford et al. 2017). Our work
here applies the same technique to radio observations
of SNRs. An overview of the method is provided be-
low. For a more detailed description, we refer readers to
Lopez et al. (2009a, 2011).
The PRM measures asymmetries by calculating the
multipole moments of emission in a circular aperture.
It is derived in a similar way to the expansion of a
two-dimensional gravitational potential, except an im-
age’s surface brightness replaces the mass surface den-
sity. The powers Pm of the expansion are obtained by
integrating the magnitude of each term Ψm over the
aperture radius R. We divide the powers Pm by P0 to
normalize with respect to flux, and we set the origin
position in our apertures to the geometric centers of
the SNR’s radio emission. In this case, each term of
the multipole expansion reflects asymmetries at succes-
sively smaller scales. The dipole power ratio P1/P0 rep-
resents the bulk asymmetry of the SNR’s emission. The
quadrupole power ratio P2/P0 measures the ellipticity
or elongation of a source, and the octupole power ratio
P3/P0 quantifies the mirror asymmetry.
Before applying the PRM, we removed the point
sources from the images by replacing the sources’ pixel
values with those interpolated from surrounding back-
ground regions. We determined the SNRs’ geometric
centers by putting a circle at their right ascensions and
declinations reported by Green (2017) and adjusting
those positions and sizes to encompass their radio ex-
tents. For each SNR, we then ran the PRM on the source
and on the adjacent, source-free background and sub-
tracted the background moments from the SNRs’ mo-
ments.
Table 2. Median Power-Ratio Results by Radius
Power-Ratio Radius .10 pc Radius &10 pc
P1/P0 4.0× 10−4 6.8× 10−4
P2/P0 8.3× 10−6 7.4×10−5
P3/P0 5.3× 10−7 7.2×10−6
To estimate the uncertainties in the power ratios, we
used the Monte Carlo approach as described in Lopez
et al. (2009b). Specifically, we smoothed out noise using
the program AdaptiveBin (Sanders & Fabian 2001), and
then we added noise back into the images assuming that
each pixel intensity is mean of a Poisson distribution,
and selecting an intensity from that distribution. We
repeated this procedure 100 times to create 100 mock
images of each source. We ran the PRM on the 100
images, and we calculated the power ratios from the
mean of these 100 values. The 1-σ confidence limits are
derived from the sixteenth highest and lowest PR values.
4. RESULTS AND DISCUSSION
In Figure 2, we plot the dipole power ratio (P1/P0;
left), the quadrupole power ratio (P2/P0; middle), and
the octupole power ratio (P3/P0; right) versus radius.
To convert the radii to parsecs, we adopt the distances
listed in Table 2 and the angular extents given in Green
(2017). The sample spans a wide range of power-ratio
values, and the median power ratios of the SNRs by
radius are listed in Table 2. We note that the three
bilateral SNRs (Kes 69, G28.6−0.1, and G36.6−0.7) an-
alyzed by West et al. (2016) have high P2/P0 values
of (760–825)×10−7, indicating that they are among the
most elliptical of the sample considered here.
Generally, SNRs with radii .10 pc have smaller power
ratios than those with radii &10 pc, and this trend is
most pronounced in P2/P0 and P3/P0. We note one
outlier, G33.2−0.6 (with a radius of 22 pc), which has
a low P3/P0 of 0.34
+0.24
−0.25. One reason for this result is
that without any distance constraints in the literature,
we assumed it is 8.5 kpc away, leading to a large radius
estimate. If instead G33.2−0.6 is . 4 kpc away, then its
radius would be . 10 pc.
The radii Rs of the SNRs are a rough proxy of age
t, since Rs ∝ tm, where m is the expansion parame-
ter, and the shock velocity vs is given by vs = mRs/t.
The value of m depends on the evolutionary stage of the
SNR. During free expansion, m ∼ 1, and as the shock
begins to decelerate, m ∼ 0.6− 0.8 (Chevalier 1982a,b).
Once the shock has swept-up a mass Msw that is com-
parable to the mass of the ejecta Mej, then the SNR
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Figure 2. Dipole power ratio P1/P0 (left), quadrupole power ratio P2/P0 (middle), and octupole power ratio P3/P0 (right)
versus radius. P1/P0 measures bulk asymmetry, P2/P0 quantifies ellipticity/elongation, and P3/P0 reflects mirror asymmetries.
As shown in the legend, red and blue colors represent whether SNRs have no evidence or some evidence of interaction with
molecular clouds, respectively. Symbol shapes denote whether each source has distance uncertainties (circles), no distance
uncertainties (triangles), or an assumed distance of 8.5 kpc (stars).
enters the Sedov-Taylor (ST) phase, when m = 0.4 (Se-
dov 1959). Subsequently, m decreases from m = 0.33 in
the pressure-driven snowplow stage (e.g., Blondin et al.
1998) to m = 0.25 in the momentum-conserving stage
(Cioffi et al. 1988).
To explore how the power ratios depend on age, we
compiled the age estimates of our sample found in the
literature (listed in Table 3). SNR ages are typically
derived by assuming that SNRs are in the ST phase of
their evolution, the stage that most radio-bright SNRs
are thought to be observed (Berkhuijsen 1986; Berezhko
& Vo¨lk 2004). In this case, ages are determined based
on the observed shock velocity by the expression t =
2Rs/5vs. Alternatively, given an estimate of the mass
density of the ISM ρo and the explosion energy E, SNR
ages can be derived using the ST solution (Sedov 1959):
Rs = 1.15
(
E
ρo
)1/5
t2/5 = 5.0 E
1/5
51 n
−1/5
o t
2/5
kyr pc. (1)
On the right-hand side of the equation, E51 is the ex-
plosion energy in units of 1051 erg and tkyr is the SNR
age in kyr.
In Table 3, we list ages for each SNR in our sam-
ple. When available (e.g., for G15.9+0.2, G32.8−0.1,
G33.6+0.1), these values are the dynamical ages derived
from the shock radius Rs and velocity vs, using the re-
lation t = 2Rs/5vs. For those SNRs without constraints
on vs, we scale the ages estimated from the ST solution
in the references (see Table 3) to the distances in Table 1
and radii in Table 3. For those SNRs without any age
estimates in the literature, we adopt the ISM densities
no in Table 3 and assume explosion energies of E51 = 1
to estimate tkyr.
To evaluate the validity of the assumption that
all of the SNRs are in the ST phase, we calculated
the mass swept-up MSW by their forward shocks:
MSW =
4
3piR
3
s × 1.4mHno, where mH is the mass of
hydrogen. The resulting MSW for each SNR is listed
in Table 3, along with the adopted shock radii Rs
and ISM densities no to derive MSW. For two SNRs
(G27.4+0.0 and G33.6+0.1), MSW < 10M, and thus
their forward shocks may have swept up less than their
ejecta masses Mej. This result would indicate that
they may not have reached the ST phase yet, so their
age estimates tkyr in Table 3 are upper limits. Five
SNRs (G18.8+0.3, G23.3−0.3, G33.2−0.6, G34.7−0.4,
G36.6−0.7) have MSW > 103M and thus may have
transitioned past the ST phase, which occurs at a time
ttr = 2.9 × 104E4/1751 n−9/17o years when the shock has
swept up MSW ≈ 103E15/1751 n−14/17o M (Blondin et al.
1998). In these cases, the age estimates tkyr should be
interpreted as lower-limits.
In Figure 3, we plot P2/P0 (left panel) and P3/P0
(right panel) versus age tkyr of our sample. We find a
weak trend that younger SNRs (.3 kyr old) have lower
P2/P0 and P3/P0 than the older SNRs (&3 kyr old),
consistent with the results shown in Figure 2. These
findings suggest that SNRs’ forward shocks are initially
more symmetric, and their expansion into an inhomo-
geneous medium increases the asymmetries with time.
The large dispersion in the power-ratio values in the
small/young SNRs indicates that the objects may begin
with different degrees of asymmetry as well, possibly re-
6Table 3. Ages of the SNRs
Source Rs n0 MSW tkyr References
d
(pc) (cm−3) (M) (kyr)
G15.9+0.2 7.4 0.7 41 2.9c 1
G16.7+0.1 5.8 1.0a 28 1.5 –
G18.1−0.1 7.4 0.6 35 4.4c 2
G18.8+0.3 28.1 1.0a 3211 76b –
G20.0−0.2 16.3 1.0a 627 19b –
G20.4+0.1 9.1 1.0a 109 4.5b –
G21.5−0.1 6.2 1.0a 34 1.7b –
G21.8−0.6 15.1 1.0a 498 16b –
G22.7−0.2 16.6 1.0a 662 20b –
G23.3−0.3 17.3 4.0 2997 45 3
G27.4+0.0 3.4 0.6 3.4 1.1c 4
G28.6−0.1 15.4 0.2 106 7.5c 5
G29.6+0.1 7.3 1.0a 40 2.6b –
G31.9+0.0 6.2 2.0 69 3.5c 6
G32.4+0.1 14.8 1.0a 469 15 –
G32.8−0.1 11.9 0.1 24 4.2c 7
G33.2−0.6 22.3 1.0a 1605 43 –
G33.6+0.1 5.1 0.4 7.7 3.0c 8
G34.7−0.4 13.5 5.0 1780 10 9
G35.6−0.4 6.8 1.0a 46 2.2 –
G36.6−0.7 30.9 1.0a 4269 96 –
G49.2−0.7 23.6 0.1 190 18c 10
aAssumed n0 = 1.0 cm
−3 as no constraints on density were
found in the literature.
bAssumed E51 = 1.0 as no constraints on explosion energy
were found in the literature.
cWe have scaled the age estimates from the references to the
distances listed in Table 1 and the SNR radii in this table.
dReferences: (1) Reynolds et al. 2006; (2) Leahy et al. 2014;
(3) Castro et al. 2013; (4) Kumar et al. 2014; (5) Bamba
et al. 2001; (6) Chen et al. 2004; (7) Zhou & Chen 2011;
(8) Sun et al. 2004; (9) Reach et al. 2005; (10) Koo et al.
1995
flecting their explosion geometries or the inhomogeneous
environments immediately surrounding the SN.
One probable reason that the plots in Figure 3 show
less correlation compared to the power ratios versus ra-
dius in Figure 2 may be due to the large uncertainty in
the SNR ages. Specifically, the explosion energies and
the ISM densities are not well constrained in many cases.
For many SNRs, we assumed no = 1 cm
−3 and E51 = 1
due to a lack of any observational constraints. Realis-
tically, these parameters can range from E51 ∼ 0.1–10
(e.g., Sukhbold et al. 2016) and no ∼ 10−3–102 cm−3.
In particular, no spans several orders of magnitude and
depends on the environment of the SNR. For example, if
the SNR is expanding into a progenitor’s wind bubble,
then no ∼ 10−2–10−3 cm−3 (e.g., RCW 86: Broersen
et al. 2014); if the SNR is interacting with a molecular
cloud, then no ∼ 10–100 cm−3 (e.g., gamma-ray bright
SNRs: Castro & Slane 2010).
Thus, some age estimates could be off by a factor of
∼10 or more, shifting their placement in Figure 3. Given
that the uncertainty in tkyr is due to the large uncertain-
ties in no, we compute the error bars for tyr by adopting
no one order of magnitude above and below those listed
in Table 3. Consequently, the horizontal error bars in
Figure 3 are conservative estimates.
Our results are consistent with recent three-dimensional,
hydrodynamical simulations of SNRs expanding into an
inhomogeneous medium (Kim & Ostriker 2015; Martizzi
et al. 2015; Walch & Naab 2015; Zhang & Chevalier
2018). In these works, the authors follow the evolu-
tion of SNRs in a multi-phase or turbulent ISM. They
find that the SNRs in an inhomogeneous medium be-
come progressively more asymmetric compared to those
in a homogeneous ISM. For example, Martizzi et al.
(2015) showed that the blast wave travels faster in the
inhomogeneous medium case, particularly in areas of
low-density channels around the SNR. Zhang & Cheva-
lier (2018) found that the mean ambient density is the
primary factor influencing SNRs’ evolution and that
a smoother (lower Mach number) turbulent structure
leads to faster, more asymmetric expansion3. Thus, the
increase in SNR asymmetries with radius (Figure 2) and
with age (Figure 3) reflect the inhomogeneous, turbulent
structure of the ISM.
We note that Lopez et al. (2009a, 2011) found no age
evolution in the power-ratios derived from X-ray images
of SNRs. However, the soft X-rays trace thermal emis-
sion from SNR ejecta, so SNR X-ray morphologies may
reflect explosion asymmetries. Furthermore, these pre-
vious studies considered only young sources, with ages
tkyr .10, whereas our sample spans a wider range, with
tkyr ∼1–100. Further investigation is necessary to deter-
mine if size/age evolution is unique to the SNRs’ radio
continuum morphologies.
3 We note that Martizzi et al. (2015) and Zhang & Chevalier
(2018) had different results on the impact of turbulent structure
on SNR expansion and morphology. Martizzi et al. (2015) showed
that SNRs expand faster in a more turbulent medium, while Zhang
& Chevalier (2018) found that smoother turbulent structure leads
to faster shock expansion. Zhang & Chevalier (2018) attributes
the disparity to how each study models turbulence: Martizzi et al.
(2015) used a lognormal density distribution, whereas Zhang &
Chevalier (2018) adopted an initial Gaussian velocity perturbation
in a uniform medium that grows with time.
71 10 100
tkyr
100
101
102
103
104
P 2
 /
 P
0(
x1
0-
7 )
1 10 100
tkyr
10-1
100
101
102
103
P 3
 /
 P
0(
x1
0-
7 )
El
li
pt
ic
it
y/
El
on
ga
ti
on
Mi
rr
or
 A
sy
mm
et
ry
- Distance uncertainties, not interacting - No distance uncertainties, not interacting 
- Distance uncertainties, interacting - No distance uncertainties, interacting 
- Assumed distance, not interacting 
Figure 3. Plots of P2/P0 (left) and P3/P0 (right) versus age tkyr (listed in Table 3), assuming the SNRs are in the Sedov-Taylor
phase. Error bars on tkyr are represent the uncertainty in the ambient density no, which we conservatively assume to be one
order of magnitude.
To compute ages, we assumed a uniform ambient den-
sity, though our results indicate that the SNRs are ex-
panding into inhomogeneous environments (since a ho-
mogeneous ISM would lead to no size/age evolution in
the asymmetries). Zhang & Chevalier (2018) showed
that the mean ambient density is the dominant factor
in determining shock expansion with time, though in-
homogeneities are important in shaping SNRs overall.
Thus, the assumption of a single no may be sufficient.
However, given the large uncertainties in the SNR ages,
the radii are the best observable indicator of SNR evo-
lutionary stage.
In the future, application of our approach to a larger
sample with high-quality radio observations could test
whether our results hold true for all SNRs. Specifi-
cally, our sample only contained core-collapse SNRs in
the Galactic plane (the area covered in the THOR sur-
vey), and extension to Type Ia SNRs and those at higher
latitude could reveal whether age evolution in morphol-
ogy occurs in low-density environments. Furthermore,
application and comparison to extragalactic SNRs may
reveal differences in the turbulent structure of nearby
galaxies. While the fractal nature of the Milky Way
ISM (Elmegreen & Falgarone 1996) is also observed in
nearby galaxies (e.g., in the Small Magellanic Cloud:
Stanimirovic et al. 1999), the medium can differ substan-
tially between galaxies, e.g., in porosity (Bagetakos et al.
2011), in mean density (e.g., Krumholz et al. 2012), and
in molecular gas velocity dispersion (Sun et al. 2018).
Ultimately, comparison of SNRs’ morphological evolu-
tion with simulations (e.g., Kim & Ostriker 2015; Mar-
tizzi et al. 2015; Walch & Naab 2015; Zhang & Chevalier
2018) may place new constraints on the ISM properties
of the Milky Way and external galaxies.
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